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Abstract 
The thermal behavior of wood particles in molten salt pyrolysis was investigated. Cylindrical beech wood particles (L = 30 mm, 
d = 3.5 mm) were pyrolyzed using different mixtures of molten salts (FLiNaK, (LiNaK)2CO3, ZnCl2–KCl, KNO3–NaNO3) over a 
temperature range of 400–600 °C. The temperature at the particle center was measured during the process, and used to evaluate 
heating rates, reaction temperatures and devolatilization times. A general observation was that beech wood is heated faster in 
fluoride and carbonate melts, but the differences diminish with increasing reactor temperatures. The highest heating rates at the 
particle center were observed in FLiNaK (46 – 56 °C/s). The effective pyrolysis temperature at which the main decomposition of 
cellulose and hemicellulose takes place showed a weak dependence on reactor temperature, but no significant difference between 
the heating media was discovered. The devolatilization time corresponding to conversion of 95% may be empirically correlated 
with the power law expressionݐௗ௘௩ ൌ ܣ݀௣௡. Arrhenius plots were constructed to show the exponential dependence of temperature 
on the parameter A. The correspondingly low activation energies (13.3 – 27.4 kJ/mol) indicate heat transfer control during the 
decomposition process. 
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1. Introduction 
In fast pyrolysis, biomass is heated rapidly in the absence of oxygen and converted to a mixture of liquids 
(pyrolysis oil), non–condensable gases and solid chars. Important process conditions for high pyrolysis oil yields are 
moderate reactor temperatures (~500 °C), high heating rates, short vapor residence time (2 – 3 s), and rapid 
quenching of the pyrolysis vapors. It is essential that the biomass particles reach optimum process temperatures 
before they start to decompose as exposure to lower temperatures would favor formation of charcoal.[1] This makes 
rapid heat transfer important in the process. There are several approaches to achieve rapid heat transfer in pyrolysis, 
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including bubbling fluid beds, circulating and transported beds, cyclonic reactors, ablative reactors, and vacuum 
moving beds. A detailed description of these configurations may be found in the review of fast pyrolysis technology 
development by Venderbosch and Prins.[2]  
A less studied approach is molten salt pyrolysis. The biomass is fed into a preheated molten salt bath where the 
decomposition takes place. Inorganic molten salts have very good heat transfer characteristics, large heat capacities, 
are very stable at high temperatures, and may be used over a wide range of temperatures, from around 120 °C to 
well above 1000 °C. Due to their low viscosity, they will cover the biomass particles rapidly and also infiltrate the 
pores, leading to a larger particle area exposed to heating by the salt.[3] A review of thermal processing of biomass 
in molten salts has recently been published.[4] The research reviewed includes many investigations that have not so 
far progressed beyond the laboratory scale. It is a relatively small research area compared with more traditional 
conversion methods, and there is clearly a need for more basic research on the subject. 
The heat transfer characteristics of molten salts have been studied for various applications.[3] Several researchers 
have demonstrated an increase in reaction rates by molten carbonates in thermal processing of coal [5-7] and 
cellulose.[8, 9] ZnCl2–KCl has been used in pyrolysis of lignin, and it is found that the yields of different phenolic 
compounds depend on both the molar ratio of the two salts [10] and the salt–to–lignin ratio in the reactor.[11] In the 
Pyrocycling process [12], a mixture of KNO3, NaNO2 and NaNO3 was used as an indirect heat transfer medium in  
vacuum pyrolysis. Nitrates have also shown good heat transfer performance in storing thermal solar energy.[13] 
Molten fluoride salts have been studied as a heat transfer medium in solar power towers and nuclear power plants 
[14], and particularly FLiNaK has been found to have good heat transfer performance.[15]  
The pyrolytic behavior of single particles is important for reactor design. The aim of this work is to study the 
behavior of beech wood particles in molten salt pyrolysis and gain a better understanding of molten salts as a heat 
transfer medium in the process. This is done by measuring particle temperatures, and use these to evaluate heating 
rates, reaction temperatures, and devolatilization times. In a previous study [16] we found that FLiNaK gives 
significantly higher heating rates compared with fluidized sand bed [17] for cylindrical beech wood particles with  
d ≤ 4 mm at 500 °C. In the present work, we evaluate the effect of different salt mixtures (FLiNaK, (LiNaK)2CO3, 
ZnCl2–KCl,  KNO3–NaNO3) over a wider temperature range (400 – 600 °C).  
2. Experimental section 
Cylindrical beech wood particles with length (L) of 30 mm and diameter (d) of 3.5 mm were prepared from 
untreated wood sticks with the length parallel to the fibers. This gives an aspect ratio (L/d) well within the limit for 
one–dimensional (1D) internal heat transfer (L/d > 3) [18], and the heat transfer perpendicular to the fibers is 
measured. This is important because of the anisotropic nature of wood, with higher thermal conductivity parallel 
compared to perpendicular to the fibers.[19] The samples were dried at 105 °C for 24 h prior to the experiments in 
order to minimize the water content. A 1 mm type K thermocouple, placed inside a steel tube for support, was used 
to record the temperature T at the particle center at the frequency of 5 times per second. The salts were purchased 
separately in their simplest form from Sigma–Aldrich (> 98.5% purity) and mixed mechanically to obtain the 4 
different compositions listed in Table 1. Differences in the experimental temperature ranges are due to the respective 
melting points. The nitrate mixture starts to decompose at 560 °C [13], and is only used up to 500 °C in this study.  
Table 1. Composition and properties of salts used in the experiments. 
Molten salts composition (wt %) Experiment temperatures 
Melting point Reference for 
melting point 
LiF–NaF–KF (29.2–11.7–59.1) 475 – 600°C 454 °C [15] 
Li2CO3–Na2CO3–K2CO3 (31.7–33.7–34.7) 450 – 600°C 397 °C [9] 
ZnCl2–KCl (68.0–32.0) 400 – 600°C 181 °C [20] 
NaNO3–KNO3 (60.0–40.0) 400 – 500°C 220 °C [13] 
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200 g of pre–dried salt mixture was filled in a nickel crucible (H = 190 mm, ID = 52 mm) placed inside a 
stainless steel reactor (H = 200 mm, ID = 62 mm) that was externally heated by an electric furnace (Figure 1). 
Nickel was chosen for the inner crucible because it is more resistant to corrosion by molten salts.[14] When the 
heating was started, inert gas (Ar) was continuously flowed into the reactor through a nickel tube (4 mm) to ensure 
an oxygen–free atmosphere. The salt temperature was controlled by a submerged type K thermocouple. Once the 
salt was completely melted, the nickel tube was submerged in the melt to give turbulent mixing and a homogeneous 
temperature throughout the reactor. Turbulent mixing enhances the heat transfer from the salt to the wood particles 
in the pyrolysis process.  
 
Figure 1.  Experimental setup for recording the centre temperature of beech wood particles (d = 3.5 mm) in molten salt pyrolysis. 
When the melt was stabilized at the desired temperature, the beech wood particles were introduced to the reactor 
manually through the top of the sealed reactor. It was ensured that the samples were completely immersed in the 
molten salt bath throughout the whole experiment. Each experiment was performed at least in triplicate, giving 
acceptable reproducibility.  The flow rate of Ar was set to 2 L/min during the experiments to ensure removal of the 
produced pyrolysis vapors in less than 3 seconds. The vapors were led out of the reactor through a 4 mm heated 
transfer line (450 °C) made of stainless steel. The system was connected to a water cooled condenser, but the small 
samples in this study did not provide enough pyrolysis oil for accurate yield measurements. The non–condensable 
gases were vented off.  
3. Results and discussions 
3.1. Temperature profiles and definitions of characteristic points 
The temperature measurements were used to construct temperature profiles and calculate heating rates. The 
temperature profiles at the particle center at reactor temperature T = 500 °C are shown in Figure 2a, where one 
representative curve is chosen for each salt mixture. Figure 2b shows the temperature profile and corresponding 
heating rate in FLiNaK at 475 °C, where several characteristic points stand out clearly.  
It is clear that the salt mixtures have different effects on the thermal behavior of the wood samples. The 
temperature profile for the nitrate mixture is very different from the others; a sudden increase in temperature is 
observed with a maximum much higher than the reactor temperature. It is believed that the salt is reacting 
exothermically with the components in the wood sample. Carbon is one of the products from wood pyrolysis, and 
nitrates are reduced by this according to Eqs. (1) and (2) (simulations performed in HSC Chemistry software [21]).  
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a) b)  
Figure 2.(a) Temperature profiles at the center of beech wood particles (d = 3.5 mm) at reactor temperature T = 500 °C in FLiNaK (black), 
(LiNaK)2CO3 (red), ZnCl2–KCl (green), and KNO3–NaNO3 (blue); (b) Temperature profile and calculated heating rate at the center of beech 
wood (d = 3.5 mm) in FLiNaK pyrolysis at reactor temperature T = 475 °C. 
ʹܭܱܰଷሺ݈ሻ ൅ ܥ ՞ ܥܱଶሺ݃ሻ ൅ ʹܭܱܰଶሺ݈ሻǡ οܩହ଴଴Ԩ ൌ െ͵ͳͳǤͺ͸݇ܬȀ݉݋݈ (1) 
ʹܱܰܽܰଷሺ݈ሻ ൅ ܥ ՞ ܥܱଶሺ݃ሻ ൅ ʹܱܰܽܰଶሺ݈ሻǡ οܩହ଴଴Ԩ ൌ െͷ͸ʹǤͲͻ݇ܬȀ݉݋݈ (2) 
A similar pattern is observed for the other reactor temperatures, and the results for this salt are excluded from 
further analyses since the characteristic pyrolysis points are not clear. For the remaining salts, the shape of both the 
temperature profiles and heating rates are qualitatively the same for all the investigated reactor temperatures.  
The characteristic points shown in Figure 2b are briefly described in Table 2. We have used the same definitions 
as in our previous study, where we have also included more thorough descriptions.[16] The characteristic points 
were originally proposed by Di Blasi and Branca in their study of pyrolysis of cylindrical beech wood particles  
(L = 20 mm, d = 2 – 10 mm) in a hot sand bed (T = 534 °C) fluidized by nitrogen.[17]  
Table 2. Description of characteristic points during pyrolysis of beech wood particles. 
Characteristic 
points Description 
h1 / t1 /T1 Maximum heating rate. This is measured right before any reactions occur. After this point, degradation starts in the outer 
part of the particle and inward heat transfer is hindered.  
h2 / t2 /T2 Point of high variation. This indicates the beginning of the endothermic degradation of cellulose and hemicellulose at the 
particle center. 
h3 / t3 / T3 Local minimum of heating rate. This point represents the main occurrence of degradation of cellulose and hemicellulose, 
and T3 may be regarded as the effective pyrolysis temperature.  
h4 / t4 / T4 Local maximum of heating rate.  The exothermic degradation of lignin – which happens over a wider temperature range 
than cellulose and hemicellulose – starts to slow down. At this point, the conversion is about 95%. 
t5 / T5   Maximum temperature. The conversion process is practically terminated, and t5 may be regarded as the total 
devolatilization time. 
3.2. Reaction temperatures and heating rates 
The effect of reactor temperature (400 – 600 °C) on the characteristic temperatures in molten salt pyrolysis is 
shown in Figure 3. For T1 there is a relatively high scatter in the observations. The high heating rates at this point 
(Figure 4) makes it difficult to evaluate precise corresponding temperatures. Since the variation within one salt is 
greater than the variation between the salts, it is not possible to say if there are differences between the salt mixtures. 
The other characteristic temperatures are more consistent. They are slightly, but not significantly, lower for  
ZnCl2–KCl. The values are comparable to a corresponding study in fluidized sand bed by Di Blasi and Branca [17], 
indicating that the heat transfer medium is of less importance to the reaction temperatures. For T2 and T3 there is 
only a weak dependence on reactor temperature, with values in the range 352 – 386 and 404 – 438 °C, respectively. 
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These temperatures are associated with the beginning and the main occurrence of cellulose and hemicellulose 
degradation. The reactions are known to occur at a narrow temperature range [22], and depend more on particle size 
[16] than heat transfer medium. T4 is related to the degradation of lignin. This happens over a wider temperature 
range [23], and is more dependent on the reactor temperature than the other characteristic temperatures. An increase 
in T4 from 435 to 522 °C is observed as the reactor temperature is increased from 450 to 600 °C.  
 
Figure 3. Characteristic temperatures at the center of beech wood particles (d = 3.5 mm) as functions of the reactor temperature in FLiNaK 
(black), (LiNaK)2CO3 (red), and ZnCl2–KCl (green).  
The characteristic heating rates (h1 – h4) as a function of reactor temperature are shown in Figure 4. All the 
heating rates show an increasing trend with increasing reactor temperature. The maximum heating rate (h1) is of 
special interest because it is measured before any reactions occur, and this is where variations between heat transfer 
media are shown. Although there is some scatter in the observations, it is clear that FLiNaK generally has higher 
values (46 – 56 °C/s), followed by (LiNaK)2CO3 (38 – 52 °C/s) and then ZnCl2–KCl (35 – 43 °C/s). The other 
characteristic heating rates show a strong dependence on reactor temperature; h2 increases from 8 to 31 °C/s, h3 from 
1 to 20 °C/s, and h4 from 4 to 43 °C/s. Variations between the salts are, however, negligible.   
 
a) b)  
c) d)  
Figure 4. Characteristic heating rates at the center of beech wood particles (d = 3.5 mm) as functions of the reactor temperature in FLiNaK 
(black), (LiNaK)2CO3 (red), and ZnCl2–KCl (green).  
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3.3. Devolatilization times  
Prediction of the total devolatilization time in pyrolysis is important for reactor design. Several definitions are 
used in literature; measurements of gas evolution [24], rate of weight loss [25], or temperature history [26]. Based 
on the definitions previously introduced (Figure 2b), t5 could be regarded as the total devolatilization time. 
However, precise evaluation of t5 is difficult in this study, because the maximum temperature T5 cannot be 
distinguished from small temperature oscillations associated with structural changes or measurement errors for such 
small particles. We have instead chosen to use t4 for the evaluation of the devolatilization time to allow for 
comparison between salt mixtures and reactor temperatures. This corresponds to the second local maximum in the 
heating rate at the particle center, and the conversion is about 95%.[26] 
Figure 5a shows t4 as a function of the reactor temperature. Values for FLiNaK and (LiNaK)2CO3 are comparable 
for all reactor temperatures, while the pyrolysis process takes longer time in ZnCl2–KCl. However, the differences 
diminish as the bed temperature is increased, and for reactor temperature T = 600 °C there are no significant 
differences. A common empirical correlation for the devolatilization time is the power–law relation ndev Adt  , 
where A and n are fitted to match the experimental data. This was originally proposed for coal particles [27], but has 
also been shown to be applicable for pyrolysis of wood particles.[17, 24, 28] Values for n typically range between 1 
and 2, depending on external or internal heat– and mass–transfer control.[29] Factors such as bed temperature, 
sample varieties, oxygen concentration, etc., are usually incorporated in the parameter A.[27] In our previous study 
[16] we found n = 1.05 for cylindrical beech wood particles with diameters between 1 and 8 mm in FLiNaK at  
500 °C. We continue to use this value for n, and focus on the parameter A in the following. We have constructed an 
Arrhenius plot of ln(A) as function of 1000/Treactor for each salt mixture (Figure 5b), and found that A depends 
exponentially on reactor temperature with the relations given in Table 3. This is in agreement with the results 
reported by other researchers for both coal [27] and wood.[17, 28]   
a) b)  
Figure 5. (a) Characteristic heating times for beech wood particles (d = 3.5 mm) as functions of the reactor temperature in FLiNaK (black), 
(LiNaK)2CO3 (red), and ZnCl2–KCl (green). (b) Effect of reactor temperature on the correlation parameter A for the devolatilization time for 
pyrolysis of beech wood particles (d = 3.5 mm) in FLiNaK (black), (LiNaK)2CO3 (red), and ZnCl2–KCl (green). 
The R2 values for the regression analysis are very good (Table 3), especially for (LiNaK)2CO3 and ZnCl2–KCl. 
We have calculated the corresponding activation energies (Table 3), and these are in the same range as found by 
other researchers.[17, 27] The values are quite low on chemical kinetic scales, indicating heat transfer being the 
controlling mechanism in the process.[30]  
Table 3. Correlation parameter A and corresponding values for the activation energy of beech wood particles in molten salt pyrolysis.  
Molten salt A R2 Corresponding activation energy 
FLiNaK 0.698e1600/T  95.98 13.3 kJ/mol 
(LiNaK)2CO3 0.194e2662/T 99.28 22.1 kJ/mol 
ZnCl2–KCl 0.105e3264/T 99.51 27.4 kJ/mol 
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4. Conclusions 
The pyrolytic behavior of cylindrical beech wood particles (L = 30 mm, d = 3.5 mm) in FLiNaK, (LiNaK)2CO3,  
ZnCl2–KCl, and KNO3–NaNO3 at temperatures between 400 to 600 °C was investigated. Temperature profiles were 
made based on temperature measurements at the particle center during pyrolysis reactions, and these were used to 
evaluate the reaction temperatures, heating rates, and devolatilization times.  
The nitrate mixture was not suitable for pyrolysis. The temperature profiles differed greatly from the others with 
a sudden increase in temperature and a maximum much higher than the reactor temperature. This indicates that the 
salts react exothermic with the carbon formed in the process, also supported by large negative Gibbs free energies 
for simulated reactions in HSC Chemistry software.  Although nitrates have previously shown good heat transfer 
performance in storage of solar energy [13] and in vacuum pyrolysis [12], these studies do not involve direct contact 
with carbon containing material.  
The characteristic reaction temperatures are slightly, but not significantly, lower for ZnCl2–KCl. The main 
degradation of cellulose and hemicellulose (T3) show a weak dependence on reactor temperature (404 – 438 °C), but 
a stronger dependence is observed for T4 (435 – 522 °C), which is associated with the degradation of lignin. The 
highest heating rate (h1) is measured before any reactions start. Some scatter exists in the observations, but it is still 
clear that FLiNaK generally has higher values (46 – 56 °C/s), followed by (LiNaK)2CO3 (38 – 52 °C/s) and then 
ZnCl2–KCl (35 – 43 °C/s). The other characteristic heating rates are comparable for the salts, but they all depend 
strongly upon reactor temperature. The devolatilization time t4 (corresponding to conversion of about 95%) is found 
to follow the empirical power–law relationݐௗ௘௩ ൌ ܣ݀௣௡. Arrhenius plots were constructed for each salt mixture to 
show that A depends exponentially upon temperature. The plots were in good agreement with experimental results, 
with R2 values above 96%. Corresponding activation energies were calculated to be in the range from 13.3 to 27.4 
kJ/mol, indicating heat transfer control rather than kinetic control in the decomposition process.  
The results show that all though the highest heating rate and devolatilization times are affected by the external 
heating, the heat transfer media is of less importance to reaction temperatures and the remaining heating rates.  
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